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Standardmeteorologicalmeasurements from a number ofmasts around twoDanish
offshore wind farms have been used to study the spectral structure of the meso-
scale winds, including the power spectrum, the co- and quadrature spectrum and
the coherence. When average conditions are considered, the power spectra show
universal characteristics, in agreement with the findings in literature, including the
energy amplitude and the −5/3 spectral slope in the mesoscale range transitioning
to a slope of −3 for synoptic and planetary scales. The integral time-scale of the
local weather is found to be useful to describe the spectral slope transition as well as
the limit for application of the Taylor hypothesis. The stability parameter calculated
frompointmeasurements, the bulk Richardson number, is found insufficient to rep-
resent the various atmospheric structures that have their own spectral behaviours
under different stability conditions, such as open cells and gravity waves. For sta-
tionary conditions, the mesoscale turbulence is found to bear some characteristics
of two-dimensional isotropy, including (1) very minor vertical variation of spectra;
(2) similar spectral behaviour for the along- and across-wind components; and (3)
the along- and across-wind components at one point are not correlated. Copyright
c© 2012 Royal Meteorological Society
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1. Introduction
The spectral behaviour of the wind speed in the mesoscale
range, from a few kilometres to hundreds of kilometres, or
from a few minutes to hours, is not only a fundamental
atmospheric research topic (e.g. Gage and Nastrom, 1986;
Lindborg, 1999; Lindborg et al., 2010; Ho¨gstro¨m et al.,
1999), but also important for practical use in wind energy
applications. Modern wind farms are of the size of tens
of kilometres, which means that the power spectrum in
the mesoscale range is an important measure of accuracy
for short-term forecasting (Vincent et al., 2010) as well as
extreme wind estimation (Larse´n et al., 2012). The spatial
coherence of wind is a key parameter for wind energy
planning and power integration (Sørensen et al., 2002;
Vincent et al., 2012) for a single farm as well as for groups of
farms within a limited geographical area such as the North
Sea. It is the purpose of this study to examine the spectral
behaviour (including the power spectrum and coherence)
in this range.
1.1. The power spectrum
In the literature, spatial mesoscale power spectra have been
studied with measurements from aircraft (e.g. Nastrom and
Gage, 1985; Ho¨gstro¨m et al., 1999) and satellite (e.g. Wikle
et al., 1999), with theoretical arguments (Lindborg, 1999)
and with numerical simulations (Tung and Orlando, 2002;
Skamarock, 2004). The scope of these studies ranges from
the atmospheric surface layer to the troposphere and lower
stratosphere, and from tropical to midlatitude and polar
regions. Compared to the microscale range, the observed
wind spectra in the mesoscale range seem to be rather
simple: negligible dependence on height within the boundary
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layer (Ho¨gstro¨m et al., 1999; Larse´n et al., 2011), and only
slightly higher energy amplitude in the stratosphere than
in the troposphere according to upper-air measurements
(Nastrom and Gage, 1985; Gage and Nastrom, 1986). Kao
and Wendell (1970) and Nastrom and Gage (1985) observed
the dependence of the energy amplitude on latitude from
data measured with commercial aircraft; the tropospheric
energy amplitude for the meridional winds seemed to be
largest in the latitude band 45–60◦N. Nastrom and Gage
(1985) also observed that the energy amplitude is smallest
in summer and Boer and Shepherd (1983) observed that,
for planetary and synoptic scales, the energy amplitude is
greatest in winter.
In spite of these variabilities, one consistent characteristic
of the spectrum reported in the literature is the spectral form
that the energy amplitude decreases with wave number as
approximately k−5/3 in the mesoscale range and changes to
k−3 at smaller wave numbers. An expression, in terms of
a combination of k−3 and k−5/3, which Lindborg (1999)
derived through structure function analysis for the kinetic
energy spectrum in the meso- to synoptic scales fits perfectly
the experimental data from Nastrom and Gage (1985) and
Gage and Nastrom (1986):
E(k1) = d1k−5/31 + d2k−31 , (1)
with d1 ≈ 9.1×10−4m4/3s−2 and d2 ≈ 3.0×10−10s−2. We
use k1 for Lindborg’s expression because it is in m−1,
different from the other studies where the wave number is
in radian m−1 (used in section 5.3).
The generally accepted theoretical interpretation of the
k−3 behaviour is the enstrophy (mean square vorticity)
cascade from large scale to small scale, and that of the
k−5/3 behaviour is the energy cascade from small scale to
large scale. As illustrated in Gage and Nastrom (1986) (their
Figure 1), the source for enstrophy injection at the large-
scale end of the k−3 region of the spectrum is the geostrophic
turbulence that is related to the baroclinic instability, and the
source of the energy injection at the small-scale end of k−5/3
could be the buoyancy force such as gravity waves (Gage and
Nastrom, 1986) or convective cloud systems (Lilly, 1983).
This theory for quasi-two-dimensional (2D) turbulence was
first presented by Kraichman (1967) and Batchelor (1969),
supported over time by numerous theoretical, numerical and
experimental studies, including Lilly and Petersen (1983),
Gage and Nastrom (1986), Lindborg (1999), Shivamoggi
(2000), Tung and Orlando (2002) and Lindborg et al. (2010).
Experiments also suggested that the mesoscale 2D flow has
some isotropy characteristics, reflected as the lateral and
meridional wind components having very similar spectral
form (Gage and Nastrom, 1986; Ho¨gstro¨m et al., 1999;
Larse´n et al., 2011). However, the isotropy was reported to
be invalid in the presence of coherent gravity waves where
more kinetic energy was found to be distributed along the
wave-propagating direction (Larse´n et al., 2011).
1.2. The coherence
Compared to the power spectra, coherence for the mesoscale
range has been much less explored. Vincent et al. (2012)
(hereafter V2012) summarized the limited number of studies
of coherence in the mesoscale range, including Schlez and
Infield (1998), Sørensen et al. (2002), Nanahara et al. (2004),
and Woods et al. (2011). These studies are almost all for wind
energy applications. In the literature, coherence is mainly
studied in the microscale range, from metres to hundreds
of metres, or from seconds to minutes (Davenport, 1961;
Kristensen et al., 1983; Smedman, 1987; Mann, 1994). V2012
studied the coherence of wind speed in terms of the two
components of coherence, the co- and quadrature spectra,
for offshore conditions in the Baltic Sea and the North
Sea, where mesoscale modelling, analytical modelling and
measurements were used jointly for separation distances
between a couple of kilometres and about 13 km. Amongst
other things, V2012 found that
(1) the two-point coherence depends on the flow angle in
relation to the line connecting the points in question;
(2) the coherence can be expressed as a function of
frequency (f ), separation distance (d) and advection
speed (U0): fd/U0; and
(3) the coherence has slight dependence on the studied
area where the dominant weather features might be
different.
1.3. Relevance and focus of the current study
In most of the studies in the literature, the spectra were
analyzed in the spatial domain in terms of wave number,
k. The corresponding measurements from aircraft and
satellites have a wide spatial coverage but with segments
of relatively short periods. Point measurements have been
paid less attention for this purpose, even though they are
much easier to access, partly because of the difficulties
associated with Doppler shifting associated with gravity
waves (section 5.3 gives details).
Considering that the time- and space-scales are related,
point measurements are expected to provide information
for planetary to micro-scales which are relevant for
the energy amplitude in the mesoscale range. Long-
term standard meteorological measurements from two
midlatitude offshore sites with several tall masts are used
to re-examine the spectral behaviour regarding the spectral
form and amplitude as well as coherence of wind speed. This
dataset provides us with a unique opportunity for looking
into some of the classic topics on the spectral characteristics.
Three particular topics are studied: (i) the spectral shape
and amplitude, (ii) the impact of stability on the mesoscale
spectral structure from the most explored stable condition
to the rarely mentioned neutral and unstable conditions;
and (iii) the 2D isotropy characteristics of the mesoscale
turbulence.
The use of the long-term point measurements is directly
relevant to wind energy applications. The analysis covers
a wide frequency range, allowing an examination of the
impact of annual, seasonal and diurnal variability. It will be
shown that the spectral behaviour suggests a relevant scale
for our study of spatial coherence.
The measurements are introduced in section 2 together
with the climatological background at the two sites. The
methods for calculating and presenting the power spectra
and the coherence are given in section 3. The results of
power spectra and coherence are presented in sections 4.1
and 4.2 respectively. Discussion and conclusions follow in
sections 5 and 6.
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Figure 1. Maps and sites. (a) Map of Denmark and locations of Nysted, Horns Rev and several other stations labelled as H (Høvsøre), J (Jylex), K
(Kegnæs), T (Tystofte), R (Risø). (b) The three masts and the wind farm at Horns Rev. (c) The three masts and the wind farm at Nysted.
2. Measurements and climatology at Nysted and Horns
Rev
The meteorological measurements are from masts around
two wind farms in Denmark. Horns Rev I is located offshore
in the North Sea (Figure 1(a, b)), and Nysted is located
offshore in the semi-enclosed water which is part of the
Baltic Sea (Figure 1(a, c)).
At the Nysted wind farm there are several meteorological
masts, three of which are used in this study (Figure 1(c)),
where the wind speeds were measured with cup anemome-
ters at heights above mean sea level of 10, 25, 40, 55, 65 and
69 m. Wind vanes and temperature sensors were mounted
at 10 and 65 m. Air pressure was measured at 10 m. From
pressure and temperature, the potential temperature was
calculated. Water temperature was available at 2 m depth at
masts 2 (M2) and 3 (M3).
Around the Horns Rev wind farm, there are three masts
(Figure 1(b)). Only mast 2 (M2) existed before the wind
farm was built in 2003. On M2, wind speeds were measured
at 15, 30, 45 and 62 m (mast top), wind directions at 60 and
43 m, temperatures at 55 and 13 m and pressure at 55 m.
Water temperature has been measured at 4 m depth. Since
2003, masts 6 (M6) and 7 (M7) have been mounted with
instrumentation different from M2; the wind measurements
were measured at 20, 30, 40, 50, 60 and 70 m (mast top),
directions at 28 and 68 m, temperature at 16 and 64 m and
pressure at 16 m. Wind measurements at some heights are
missing during some periods, especially those at 30 and
40 m.
For both sites, the time series used for the main analysis
here are 10 min averages. The wind data availability for each
mast at the two sites is shown in Table 1. For a special
analysis of a gravity wave case (section 5.4), 1 s time series at
Nysted are also used.
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Table 1. Yearly wind data coverage (%) at each mast at the two sites.
Year Nysted Horns Rev
M1 M2 M3 M2 M7
1999 60
2000 99.975
2001 99.979
2002 99.9
2003 80.2 46
2004 52 52 52 99.79 90
2005 95 95 95 77 98
2006 92 92 92 86 89
2007 52 52 53 20 73
2008 35 41 41
Although both sites are offshore and geographically close
to each other, the climatology is different regarding the
stability conditions and wind distribution due partly to the
different configuration of land and water around the sites.
The Nysted wind farm, located in semi-enclosed waters
off the Baltic Sea and surrounded by land with relatively
short sea fetches, has been reported to be dominated
by climatologically stable conditions due predominantly
to advection from land (Lange et al., 2004; Larse´n et al.,
2011). At Horns Rev, the prevailing westerly winds from
the open North Sea often accompany convective weather
systems (Vincent et al., 2012a). The monthly distributions
of the Richardson numbers at the two sites are presented
in Figure 2, clearly confirming the climatologically stable
conditions at Nysted and unstable conditions at Horns Rev.
The bulk Richardson numbers are calculated by two
methods. The first method is as in Larse´n et al. (2011), i.e.
use of measurements at two heights to calculate
RiB = g
θ
θ
z
/(U
z
)2
.
The two levels are 10 and 62 m at Nysted, and 15 and 45 m
at Horns Rev; the temperatures at 15 and 45 m for the
Horns Rev data are linearly interpolated from temperature
measurements at 16 and 64 m. The other method is to
calculate the bulk Richardson number between water surface
and the lowest wind measurement level through
RB = g
T
(T − Tw)
z
/(U
z
)2
.
Due to the fact that the temperature gradient between two
levels onM6 andM7 at Horns Rev are sometimes problematic
and give suspicious statistics, and at the same time that
there have been concerns about the water temperature
measurements at Nysted, both RiB and RB are calculated
whenever data are available at a certain mast, so that they
can be used as reference for each other. Note that, for the
Nysted site, in Figure 2(a, c),RiB andRB were calculated with
the combined data at M2 and M3 from their undisturbed
fetches because of the availability of water temperature
measurements at the two masts. The results of RiB were
found to be consistent with those from M1, even with
the disturbed fetches included. For the Horns Rev site, in
Figure 2(b), the calculation ofRiB is done atM2 for the period
1999 to 2005 and in Figure 2(d), RB has been calculated at
M7 for the period 2003 to 2007.
When producing the monthly statistics, the monthly data
are used only if the data coverage is more than 90% at
Nysted, and more than 99% at Horns Rev; this is because
the data coverage is significantly better at the latter site
(Table 1). Note that the calculation of RB is rather uncertain
by using water temperature (4 m deep at Horns Rev and
2 m deep at Nysted) and temperature, rather than potential
temperature, evem though Pen˜a et al. (2008) showed that, at
M2 at Horns Rev, the water temperature matched well with
the sea surface temperature obtained from satellite data.
This, together with the different levels used for calculating
RiB and RB, is actually of minor significance since our
purpose is not to parametrize the stability effects but to use
RiB andRB to group data into different approximate stability
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Figure 2. Monthly distribution of the bulk Richardson number at (a, c) Nysted and (b, d) Horns Rev. In (a) and (b), the bulk Richardson number RiB
is calculated between two measuring heights, i.e. 10 to 60 m at Nysted and 15 to 45 m at Horns Rev. In (c) and (d), the bulk Richardson number RB is
calculated between water surface and the lowest wind measurement height. This figure is available in colour online at wileyonlinelibrary.com/journal/qj
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categories. We see from Figure 2 that in general the statistics
ofRiB andRB are consistent, although the relative percentage
could vary somewhat when choosing different critical values
for the grouping. Even though the data are not always from
the same periods and not necessarily from the same masts,
the consistent statistics from RiB and RB strongly suggest the
reliability of each of them for our grouping purposes and
also suggest their representativity for the description of the
stability climate.
At Nysted, the stable situation is more related to
flows from the sector east–south–northwest while the
sector north–northeast contributes more to the unstable
conditions. At Horns Rev, the unstable conditions are related
to flow from the sea while stable conditions are more related
to the flow from land.
In any climatological study, data length, data coverage,
technical failure and operating consistency always present
a challenge. Even so, the datasets here, being in pairs at
multiple levels up to about 70 m, and of reasonably good
quality, are quite unique. Basic data quality checks have been
done and problematic data are not used in the final results.
The over-speeding effect of the Risø cup anemometers used
at both sites is only a fraction of 1% for average atmospheric
conditions (Pedersen et al., 2003; Pedersen, 2004).
3. Methods
3.1. The power spectrum
The power spectra have been calculated using the Fourier
transform, with linear detrending applied to the time series.
In order to examine the climatological characteristics, the
annual and seasonal variability in the spectra is investigated
(section 4.1.1). The annual spectra are calculated only for
those years with best data coverage, where the missing data
are filled in using linear interpolation with data before and
after the gaps. As shown in Table 1, the Nysted data are used
from 2005 and 2006 and the Horns Rev data are used from
2000 to 2002 at M2 and 2005 at M7. For the seasonal spectra,
only months with data coverage greater than 95% are used
for Nysted (due to the relatively low data coverage) and
99.9% for Horns Rev. From the Horns Rev data, it is found
that changing the requirement of data coverage from 99%
to 90% does not change the results, suggesting that using
data of 95% coverage at Nysted does not cause statistically
significant bias.
With the purpose of examining the stability effect and
the 2D characteristics of the mesoscale turbulence, we
examined scales smaller than one day, by analyzing daily
spectra (section 4.1.2). All days that have 143 (the one
missing data is linearly interpolated to give 144 10 min
values) or 144 10 min data values are selected. For all these
days, it is required that the wind speed at the top measuring
height does not vary more than 15 m s−1 per day and the
direction change during a day is less than 50◦. This ensures
that the cases chosen for analysis approximate stationary
conditions in order to be able to divide the wind into the
along-wind (u) and cross-wind (v) components. Data within
these restrictions are nominated as ‘stationary data’. For the
Horns Rev site, this analysis is done both for the period
1999 to 2002 and for the period 1999 to 2007. The former
period predated the wind farm and measurements at M2
from all directions were used; for the latter period, at M2
only data free of the wind farm wakes were selected. Using
the time series 1999 to 2007 and grouping the data into three
RB categories (RB > 0.05, 0 ≤ RB ≤ 0.05 and RB < 0) gives
almost the same spectral statistics as using the time series
1999 to 2002 and RiB. The consistency of the results suggests
the period was reasonably representative.
3.2. The coherence
The coherence was calculated from a block-averaged single
realization of the spectra and cross-spectra, as in V2012. This
method was shown by Kristensen and Kirkegaard (1986) to
be equivalent to averaging over a large number of time
series. (V2012 gives a detailed discussion.) The time series
went through linear detrending and a Hanning window was
applied before the coherence parameters were calculated.
The coherence study here was carried out to examine
the u and v component behaviour in comparison with the
wind speed, the vertical variation coherence and the effect of
local stability (section 4.2). These issues were not the major
subjects in V2012 where spatial correlations of wind speeds
were studied. Because of our different focus, we construct
and select the data slightly differently from V2012. The basic
data length is still one day. As for the calculation of the
daily u and v power spectra, we select the stationary data.
While V2012 extensively explored the effect of the inflow
angle relative to the mast pair’s orientation, we focus on two
specific situations: the inflow along (longitudinal separation)
and across (lateral separation) the displacement of the two
masts. All data are required to be free of the wind farm wake
effect. The direction restriction for the two situations for each
pair of masts is described in Table 2. At Nysted, three pairs of
the three masts are used for the lateral separation study, but
the cases are too few for the longitudinal separation situation.
At Horns Rev, only the pair with longest separation, M2 and
M7, is used. Because of the requirement of 144 or 143 10 min
per day for a pair of masts simultaneously, the number of
days satisfying each category is much smaller than for the
power spectra analysis (Table 2). When RB is used to group
the data, RB > 0.015, 0 ≤ RB ≤ 0.015 and RB < 0 are used,
representing stable, neutral to stable (shortened to neutral)
and unstable conditions, respectively. A sensitivity test is
done by changing the critical threshold of RB from 0.015 to
0.05; the largest consequence was that there were too few
cases in the stable category. However, the statistical results
are consistent. RB is used only for Horns Rev because of the
unknown problems in the temperature gradient at M7. For
Nysted, RiB is used in order to make use of more data, and
the corresponding three stability categories according to the
daily mean RiB are RiB > 0.1, 0 ≤ RiB ≤ 0.1 and RiB < 0.
Similarly, using a threshold value of 0.1 to group the data
will gives similar statistics, but using (e.g.) 0.25 will result in
too few cases in the first group.
The coherence between the time series at two locations, i
and j, is calculated using
Coh(f ) =
√
Con(f )2 + Qn(f )2, (2)
where Con and Qn are normalized co- and quadrature
spectrum (Co and Q):
Con(f )= Co(f )√
Si(f ) Sj(f )
, Qn(f )= Q(f )√
Si(f ) Sj(f )
. (3)
As discussed in V2012, Con and Qn together represent the
in-phase and out-of-phase contribution to covariance of the
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Table 2. Pairs of masts and data description for the co- and quadrature spectrum and coherence studies, including the masts’ orientation, separation
distance and the number of cases (in days) that satisfy the direction range used for selecting data for lateral or longitudinal separation conditions.
Site Masts Orientation Distance (m) Direction range Number
Nysted M1,M2 165◦ 2130 231–290◦ (⊥) 75
M1,M3 82◦ 8178 136–200◦ (⊥) 36
M2,M3 100◦ 8903 177–217◦ and 0–25◦ (⊥) 32
Horns Rev M2,M7 109◦ 12420 94–118◦, from land (‖) 33
270–304◦, from sea (‖) 150
180–215◦ and 0–30◦ (⊥) 101
‖ denotes longitudional separation and ⊥ lateral separation.
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Figure 3. Power spectra from 1-year time series at (a, b) Nysted M1 69 m and (c, d) Horns Rev M2 62 m. (a, c) show spectra from different years and an
average spectrum for the site; (b, d) show spectra at several heights.
two time series at points i and j. Si and Sj are the power
spectra at i and j respectively. In the current study, the power
spectral energy in the frequency domain is denoted as S(f ),
to be distinguished from E(k) for the wave number domain.
Coh, Con and Qn have been calculated for the wind speed
and its two components, u and v, at all measuring heights.
4. Results
4.1. The power spectrum
4.1.1. Annual and seasonal spectra
There is almost no difference in the annual spectra from
different masts for the same year. The year to year variation
in the spectrum is obviously not important, as can be seen
from Figures 3(a) (Nysted) and 3(c) (Horns Rev). The
results in Figure 3 from data over several years demonstrate
the following systematic differences: the logarithmic slope of
the spectra in the range 5×10−6 < f < 10−3 Hz is straighter
at Nysted than that at Horns Rev, where the spectra
show a much clearer slope transition at a frequency of
around 10−4.5 Hz. In Figure 3(b, d), the spectra at several
measurement heights are plotted, indicating that there is
some degree of vertical variation, which is more obvious
at Nysted than at Horns Rev; the ratio of S(f ) is about 1.5
between 55 and 10 m at Nysted and about 1.3 between 62
and 15 m at Horns Rev throughout the whole frequency
range. Comparing Figures 3(c) and (d), one can see that at
Horns Rev the height dependence is systematic but is not
more significant than the annual variability.
The average annual power spectra from the two sites are
put together in Figure 4 and the difference in the energy
amplitude is actually very small, with the ratio of S(f ) on
average 1.01 for 5×10−6 < f < 10−3 Hz, even though the
Horns Rev spectrum shows stronger curvature.
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Figure 4. The yearly average power spectra from Nysted and Horns Rev,
taken from solid black curves in Figure 3(a, c) together with the model of
Eq. (4).
In analogy to Lindborg’s model, Eq. (1), the black curve
in Figure 4 shows the fit combining f−5/3 and f−3; this gives
a very satisfactory agreement with
S(f ) = a1f−5/3 + a2f−3, (4)
where a1 = 3×10−4m2 s−8/3 and a2 = 3×10−11m2 s−4.
The seasonal power spectra from the two sites are shown
in Figure 5(a, b). It is immediately clear that summer months
exhibit a straighter spectrum where S(f ) varying with f−5/3
extends to a very low frequency, whereas the winter months
exhibit a higher energy amplitude and a clearer slope
transition from −5/3 to −3 at a relatively high frequency of
about 2×10−5 Hz (about half a day); Figures 5(c, d) show the
winter and summer cases, respectively. Spring and autumn
will inevitably share the characteristics somewhere between
winter and summer. The stronger geostrophic turbulence
effect reflected in the −3 slope denotes a coefficient a2 for
winter being several times larger than for summer. Data
from the two sites are highly consistent, in agreement with
the findings in the k domain in Nastrom and Gage (1985)
and Boer and Shepherd (1983) (section 5.3); the stronger
baroclinic instability in winter months is a reasonable
interpretation. The overall annual spectrum from Horns
Rev resembles the winter spectrum more than at Nysted,
which could imply that the open sea condition at Horns Rev
better reflects the geostrophic turbulence than Nysted where
the mesoscale land impact could be significant.
4.1.2. Power spectra in the mesoscale range
For the range with the−5/3 spectral slope, based on Figures 3
to 5, it seems that when all conditions are mixed and
averaged, the energy amplitude for both sites reaches a
certain level; the dependence on year, height and season
can all be considered small. In the following we examine
this range by analyzing the daily spectra, to determine the
possible impact of stability and to explore the 2D spectral
quality. In Figure 6, the mean values of the daily spectra
for three stability categories are plotted for Nysted and
Horns Rev, together with their average annual spectra from
Figure 3(a, c). For Horns Rev, data from 1999 to 2002
are used (42, 18 and 197 in the three stability categories).
For Nysted, due to the strict restrictions for the stationary
conditions, there are only 36, 42 and 86 days in the three
categories.
For the neutral group, the mean spectra of bothu and v are
very close to the average annual spectra. For the stable group
at Nysted, the mean spectrum exhibits considerably lower
energy amplitude than the average annual curve. However,
at Horns Rev the mean spectrum for stable cases is quite
close to the average annual curve. For the unstable group
at Horns Rev, the mean spectrum is of considerably larger
energy amplitude at the high frequencies than the average
annual curve (Figure 6(g)), but this effect is not at all obvious
for the Nysted data (Figure 6(c)). Figure 6(g) was based on
almost 200 days of data; it is quite clear that the dominating
unstable conditions at Horns Rev are responsible for the
enhanced energy amplitude in the high-frequency part of
the mesoscale range, particularly in the winter and autumn
seasons, as seen in Figure 5(b). These results of higher
energy amplitude during unstable conditions are consistent
with the findings in Vincent et al. (2010) where a different
spectrum analysis, using the Hilbert–Huang transform, was
performed for this site.
For all groups in Figure 6, the spectra of u and v
are highly similar. The ratio of the u- and v-power
spectrum, Su(f )/Sv(f ), has been calculated and is presented
in Figure 7(a). The values of Su(f )/Sv(f ) fluctuate around 1
for f <∼ 10−4 Hz and about 1.2–1.3 for higher f . The ratio of
Su(f )/Sv(f ) for this range has earlier been examined in Larsen
et al. (1990) using 16 Hz sonic data from the Lammefjord
experiment. From data over 11 periods ranging from 8 to
20 h, Larsen et al. (1990) found similar spectral behaviour for
u and v for 10−4 < f < 10−3 Hz, and Su(f )/Sv(f ) to be about
1.5. It has been argued (e.g. Frehlich and Chelton, 1986)
that physically for 2D isotropic turbulence, the 1D power
spectrum of the component speed relative to the direction
along which the spectrum is calculated (hereu) will be greater
than the 1D spectrum of the perpendicular component speed
(here v). These characteristics were confirmed by Frehlich
and Chelton (1986) with the Seasat scatterometer data in
midlatitudes, but not satisfied by data from the Tropics.
To further examine the assumption of non-divergent flow,
Frehlich and Chelton (1986) studied the the 1D cross-
spectrum of two perpendicular wind components and
found that they are not coherent, as would be expected
for non-divergent flow. In this study, we also calculated
the single-point coherence, co- and quadrature spectrum
of u and v for three stability categories. The algorithms are
similar to Eq. (2) and (3) for two points, except that here it
is single point but for u and v. Consistent with midlatitude
data in Frehlich and Chelton (1986), we also observed
negligible correlation between u and v. The cospectra of u
and v fluctuate around zero over the whole frequency range,
even though the fluctuation could be rather large when the
sample number is small, shown as Con(u, v) in Figure 7(b).
At the same time, both the variations of Coh and Qn(u, v)
with frequency are similar; they are all very close to zero
over all frequencies (not shown).
4.2. The coherence
The mathematical descriptions of Con and Qn were given for
the wind speed by Sørensen et al. (2002) and reformulated
in V2012 as their Eqs (16)–(19). Combining these equations
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gives
Coh = exp
[
{1.8 cos(2α) − 5.9} fd
U0
]
, (5)
where α is the flow angle relative to the mast orientation
(here 90 and 270◦ for the lateral separation and 0 and 180◦ for
the longitudinal separation), d is the distance between a pair
of masts, U0 is the daily mean wind speed at corresponding
heights (which for Nysted is 69 m and for Horns Rev
is 62 m; data from M7 are interpolated to this height).
Thus,Coh = exp (−7.7fd/U0) for the lateral separation, and
Coh = exp (−4.1fd/U0) andCoh = exp (−5.9fd/U0) for the
longitudinal separation with α = 0 and 180◦, respectively.
The longitudinal separation corresponds to better coherence
at the same fd/U0. The normalized frequency, fd/U0, is
equivalent to kd/(2π), with k the radian wave number; it
describes the number of waves within the separation distance
d of the pair of masts.
Only days with stationary wind conditions are analyzed.
Although here the days are not necessarily the same as those
selected in V2012 (discussion in section 3), the distribution
ofCon andQn for u and v here are consistent with those from
V2012 for the wind speed in several respects. Figure 8 shows
the three spectral variables for lateral separation for the top
measuring height. Here, Con from two sites with different
separation distances collapse to the same distribution, for
both u and v; Qn fluctuates moderately around zero through
all frequencies, indicating no systematic phase change at
locations i and j; Eq. (5) describes reasonably well the result
for Coh, for both u and v, as shown in Figure 8(c, f) despite
the fact that in V2012 it was calculated for the scalar wind
speed rather than u and v components. However, the plots
for v (Figure 8(d, e)) reveal a couple of small but interesting
differences. It seems that when the u components are almost
entirely uncorrelated for fd/U0 > 0.5 (Figure 8(a)), the v
components at the two masts, now aligning with the masts
displacement, are negatively correlated with each other,
shown as a dip to negative Con in Figure 8(d), in a similar
fashion to u and v for the longitudinal separation situation
(Figure 9) but to a much smaller degree. At the same time,Qn
shows v to be slightly but systematically out of phase at the
two masts, most dominantly at fd/U0 ≈ 1/4 (Figure 8(e)).
Compared to the lateral separation, the longitudinal
separation indicates a much more pronounced Qn, both
for u and v (Figure 9). Similar to the findings in V2012,
here for u and v, the flow from the undisturbed sea fetch
also has better defined phase shift than the flow from land
(not shown). When the winds come along the two masts,
Con for u and v decreases with fd/U0, becomes negative
at fd/U0 ≈ 0.25 and reaches a maximum negative value at
fd/U0 ≈ 0.5, meaning u or v becomes negatively correlated
at the two points once there is one quarter of the entire
wave between M2 and M7, and they become most negatively
correlated when there is half of the entire wave between the
two masts. The correlation returns to be positive again when
the wave number is greater than 1. These characteristics of
u and v are identical to those of wind speed as described in
V2012 (curves from V2012 in Figure 9(c)).
There is no variation observed for the three parameters
with height. The slight increase of the power spectral energy
with height, as shown in Figure 3, is of negligible influence
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when used in Eq. (3), probably due to the much more
considerable scatter related to the coherence parameters.
The results from Horns Rev and Nysted seem to be highly
consistent; there are respectively 143 and 284 days of data at
Nysted and Horns Rev (Table 2).
In the analysis of stability effect, because of the high
similarity in the distribution of Coh between the different
groups as shown in Figures 8 and 9, we present only results
of wind speed for two of the groups of lateral separation,
one is M1–M2 at Nysted (Figure 10(a)) and the other is
M2–M7 at Horns Rev (Figure 10(b)). When Coh is plotted
against f , there is no distinguishable difference between the
three groups of data, suggesting that stability impact is not
important, although small differences could be obscured by
the scatter in the data. However, there is a slight change
when Coh is plotted against fd/U0 (not shown); due to the
strongest winds in the neutral condition group and weakest
winds in the stable condition group, there is a slight shift of
the curves. As a result, at the same wave number fd/U0, stable
cases on average are best correlated and neutral cases are least
correlated; however, the difference is very small compared
to the scatter. For each stability group, in addition to the
wind speed, Coh has also been calculated for the u and v
components (not shown). Overall, Coh for u, v and wind
speed are very similar.
5. Discussion
We have shown the potential of the standard meteorological
measurements from two offshore sites in midlatitudes for
studying the spectral structures in the meso- to synoptic
scales. Due to the continuity of scales in time and space, it
has been demonstrated that point measurements can be used
successfully to describe some spectral behaviours consistent
with those in the literature, which have mostly been reported
in the wave number domain.
There are several new findings within this study, giving
rise to the following discussion topics.
5.1. On the scale for applying the Taylor hypothesis
We have chosen 1 day in this study for the length of the time
series for the coherence analysis. This is partly because it has
been reported in the literature that the Taylor hypothesis
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has been successfully applied for scales of hundreds of
kilometres, corresponding to periods shorter than about
one day (Brown and Robinson, 1979; Gage and Nastrom,
1986).
Speaking of scales greater than a few kilometres or a few
minutes, the documented structures in the literature include
the power spectrum showing a slope of about −5/3 for
relatively small scales and changing to a slope approaching
−3 at larger scales, when plotted against frequency or wave
number on log–log axes. Accompanying the observed most
dominant −3 slope during winter months, there is a clearer
slope transition than in the other months, especially the
summer. In the summer months, the −5/3 spectral slope
extends to a scale of days, while in the winter months the
transition of the −5/3 to the −3 slope appears to happen at
a smaller scale. This scale, where the spectral slope transition
happens, represents the scale of the dominant local weather.
The conventional parameter to describe this weather scale is
the integral time-scale T, with
T =
∫ ∞
0
ρ(τ ) dτ ,
where ρ is the autocorrelation coefficient (Pope, 2000;
Kristensen et al., 2002; Larse´n et al., 2012). As shown in
Larse´n and Mann (2006) and Larse´n et al. (2012), T
calculated with measurements from Denmark is about
0.8 day on average. We calculated T here using the winter
and summer months data with data coverage of more than
99.99%. While the summer months give a similar T to the
yearly data, i.e. about 0.8 day, winter months give a T of
about 0.6 day.
In turbulence theory, the spectra in the k and f domains
are equivalent when space and time are assumed to be related
by the advection velocity through the Taylor hypothesis
k = 2π f
u0
. (6)
Note that here u0 is used for the advection velocity,
to represent an average, uniform background speed
throughout a rather deep layer of atmosphere, rather than
wind speed at one particular height such as U0 the speed at
the hub height, which we used for studying the coherence.
However, f /U0 is a similar scaling to f /u0. The expression
fd/U0 thus describes the number of waves at the hub height
between the two points separated by a distance d. One
would not expect it to make sense to use fd/U0 to normalize
the frequency axes of the co- and quadrature spectra if U0
does not only represent the advection of the same flow
between the two locations, but also includes impact from
the geostrophic movement. If plotted versus f only, the wind
and its components are better correlated (at the same f ) at
shorter separation distances. If eddies in the one-day time
series of all scales can be transported from one location to
another through advection, we would expect the coherence
to be 1 over all frequencies or wave numbers. The decreasing
of coherence with increasing number of waves between the
two locations suggests that the advection transports only
the largest structures from one place to another, leading to
the high coherence at the smallest wave number while the
small-scale fluctuations stay less (or un)correlated.
The fact that Con and Coh as functions of fd/U0 from
both sites collapse onto a single curve suggests the validity
of the Taylor hypothesis for the largest eddies. That is, the
dominant atmospheric movement included in the selected
daily time series is through advection. This seems to confirm
that our choice of 1 day is reasonable as the basic data length
for the coherence study.
The spectral analysis here suggests thatT is a useful scale to
separate the synoptic and mesoscale ranges and it provides us
a physical reason for choosing 1 day as the length for studying
the spectral structure for the mesoscale range, although the
difference in T for the prevailing weather dynamics in
winter and summer implies that some uncertainty has been
introduced.
In section 5.3, it will be shown how the k-spectrum of
Lindborg (1999) fits well with our f -spectrum through the
Taylor transformation within the scale constraint of T.
5.2. On the stability effect
According to Figure 6, grouping the days into three stability
categories reveals little systematic dependence of the wind
spectra on the stability. Data from both sites tend to collapse
with the climatological spectrum except for two situations:
the stable group at Nysted and the unstable group at Horns
Rev.
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The selected 36 stable cases at Nysted with RiB > 0.1
obviously correspond to atmospheric motions with damped
fluctuations at the scales 10 min to 3 h than the
42 cases from Horns Rev with comparable stability
conditions.
The selected 197 unstable cases at Horns Rev withRiB < 0
show significantly higher fluctuations, very likely due to the
actively convective systems including cell structures that are
common in this area (Vincent et al., 2010, 2012a), which are
less likely to occur at Nysted even with comparable unstable
conditions. In Figure 11, the mean power spectrum for 18
individual cell cases from Horns Rev M2 clearly show higher
energy amplitude of wind speed than the climatological
spectrum. The 18 days are for the longitudinal separation
of M2 and M7, identified from visual satellite images from
2003 to 2006.
Also, the local stability does not seem to have a systematic
impact on the coherence for the stationary data (Figure 10).
It is still an open question how the 3D small-scale
turbulence transitions to the mesoscale range under
different stability conditions. The high-frequency tail in
the ‘mesoscale range’ presented here likely represents an
interface between mesoscale and microscale variability.
From our measurements it seems that, although individual
cases demonstrate fluctuations in the power spectrum in
various ways, these fluctuations are averaged out when
all situations are put together, as shown in the annual
and seasonal spectra. It could then be questioned how
the spectrum will look in a place where one particular
atmospheric motion is present most of the time, e.g. cell
convection is present about 50% of the time over Greenland
and the Barents Sea region in wintertime (Bru¨mmer and
Pohlman, 2000). In this case, one might expect higher energy
even in the climatological spectrum.
While we cannot draw decisive conclusions on the
impact of stability, we may need to argue about the
representativeness of the bulk Richardson numbers RiB
and RB that are calculated from one point, even with
the daily mean values, for describing properly the large-
scale stability conditions. In the future, we might consider
using the bulk Richardson number of the whole boundary
layer (which could be calculated from mesoscale models
or fine-resolution global models) and consider the spatial
distribution of it, hopefully to improve the description of
the background stability for this purpose.
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Figure 11. Mean power spectrum of 18 cases with open cell structures at
Horns Rev, together with the mean annual spectrum (climatolog.) from
Figure 3(c).
5.3. On the universality of the spectra
The spectral behaviour for meso- to macro-scales seem to
be well described by the combination of −5/3 and −3
slopes using Eq. (4), in analogy to Lindborg’s description
for the wave number domain. There is a question whether
our data from two offshore sites are representative only
of offshore conditions. For this, we used measurements
from five more stations across Denmark and plotted their
spectra together with those from Nysted and Horns Rev
in Figure 12. The locations of these sites can be found in
Figure 1(a). Note that, except for Høvsøre where 2006 was
used, the data from 2001 were used for all other sites because
the data coverage was almost 100% for all. Note also that
the measurement heights vary from 24 to 100 m, which is
expected to be partly responsible for some of the spectral
energy amplitude differences. Overall, it can be concluded
that the spectra from all these sites, including land, coastal
and offshore, are consistent and therefore the power spectra
from Nysted and Horns Rev in the meso- to macro-scales
do represent a universality for midlatitudes. It should be
noted here that all our measurements are from flat terrain;
it still needs to be examined if the power spectra are similar
in mountainous areas. However, this universality does not
dispel the possibility that there is slight vertical variation of
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Figure 12. Annual power spectra of wind speeds from various stations.
the spectral energy amplitude, as shown in our two offshore
sites (Figure 3(b, d)). This vertical increase of the energy
amplitude is very small and it is speculated to be site-
dependent. For all year round, the atmosphere at Horns Rev
is much better mixed vertically due to its dominant unstable
conditions and so the height dependence here is negligible;
however for most of the year the atmosphere around Nysted
is stable, and here the spectrum varies slightly more with
height.
Comparing with the spectra from measurements as in
Gage and Nastrom (1986), we convert Eq. (1) to the radian
wave number domain and obtain
kE(k) = d1rk−2/3 + d2rk−2,
where k = k1/(2π), so that
d1r = d1(2π)−2/3 and d2r = d2(2π)−2.
At the same time, according to the our measurements,
Eq. (4) gives
fS(f ) = a1f−2/3 + a2f−2.
We calculated kE(k) and fS(f ) in order to compare their the
magnitude and shape for scales smaller than 1/T where the
slope of E(k) or S(f ) is −5/3. However, if we want to put
the two on the same figure for the comparison, a Taylor
transformation is needed. It is not a simple approach to
find out u0 which represents a mean speed over an area of
hundreds of kilometres over a deep layer of atmosphere.
The wind speed U0 at one particular height as we used in
the scaling fd/U0 is not appropriate for this purpose. A
large dataset from a global or regional model is needed; in
Larse´n et al. (2011), u0 was calculated as the mean speed
over the boundary layer using mesoscale modelled winds.
Nevertheless, if we start the comparison at where the spectral
slope transition from −3 to −5/3 begins and continue for
smaller scales, it is found that d1rk−2/3 is very comparable
to a1f−2/3. This supports the universality of the mesoscale
power spectrum. If we let kE(k) = fS(f ) for this range, the
Taylor transformation would suggest a magnitude of u0
about 7 m s−1. We could get a rough idea of the magnitude
of u0 in this area through winds from mesoscale models, e.g.
Larse´n et al. (2010) shows that the mean wind speed at 10 m
in Northern Europe is in the range of 5 to 9 m s−1, according
to the regional model REMO.
From a totally different approach, van Zandt (1982)
derived that the mesoscale kinetic energy spectrum also
corresponds to a slope of −5/3 as a result of interactions
of a broadband population of atmospheric gravity waves.
For the frequency domain, in stable conditions, Fritts and
van Zandt (1987) started with the general wave spectrum
from Garrett and Munk (1975) as a function of horizontal
wave number k and radian intrinsic frequency ω′, which is
between the Coriolis frequency, fc, and the Brunt–Va¨isa¨la¨
frequency, N (Eq. (14) in Fritts and van Zandt, 1987). To
derive the spectrum observed by a stationary sensor, they
took into account the effect of Doppler shift. Assuming the
angle between the flow and k is 0 or 180◦, and assuming
the portion of energy from random waves with phase
speed c = ω′/k ≥ 0 equals that with c = ω′/k < 0, for the
observed frequency fc  2π f < N, it was derived that the
observed power spectrum is
SF(f )  E0
fc(2π f /fc)2
(
1 + β
2
1 + β
)
, (7)
where SF denotes the power spectrum of Fritts and
van Zandt, E0 is the total energy density for internal gravity
waves, including kinetic and potential energy, and β is
the ratio of the mean wind and a characteristic intrinsic
horizontal phase speed of the wave field. β describes the
Doppler shift effect and it ranges between 0 (no waves)
and 10 (reported for the lower stratosphere; Smith, 1987).
With the β effect, one would expect that in reality, with
random waves of different characteristics filling the stable
atmosphere, the spectral energy S(f ) would vary within
a certain range. From measurements in various research
papers, Sidi et al. (1988) adopted E0 = 7.5 J kg−1 as a typical
value for the tropospheric gravity wave total energy, again
including the kinetic and potential energy.
We plot this model on top of our stable cases in
Figure 6(a, d), using β = 0 and assuming that the kinetic
energy is half the total energy S(f ) = (1/2)SF(f ), based on
the observation from Gage and Nastrom (1986) that the
potential temperature spectrum is more or less the same
as the kinetic spectrum. Note that, in deriving Eq. (7), the
authors have deliberately chosen a spectral slope of −2
in order to obtain an analytical solution, although they
commented on the possibility of a –5/3 slope. This is an
interesting surprise that the universal spectrum description
for random gravity waves by Fritts and van Zandt (1987) is
a good approximation for the measured spectrum in stable
conditions (Figure 6(a, d)).
5.4. On 2D isotropy
For the stationary data, the vertical variation of the power
spectrum in the mesoscale range has been shown to be
small, only comparable to the seasonal variation, which is
also very small. In the horizontal, Figure 6 clearly shows
that the along-wind and across-wind components, u and
v, have very similar spectral characteristics, with the power
spectrum for u slightly larger than that for v for f > 10−4 Hz,
andu and v are not coherent. It has to be admitted that it is an
approximate assumption of stationarity we have used here
for a period of 24 h, even with the restrictions of wind speed
and direction (section 3). These restrictions filter out several
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Figure 13. Con, Qn and Coh between M2 and M7 at Horns Rev for the open cell cases, longitudional separation. The thin smooth curves
in (a, d) and (b, e) are respectively from Eqs (18) and (19) in V2012 corresponding to zero inflow angle relative to the masts’ orientation
(Con = exp(afd/U0) cos(bfd/U0) and Qn = exp(afd/U0) sin(bfd/U0)). The smooth curves in (c, f) are Eq. (5) with α = 0◦. This figure is available in
colour online at wileyonlinelibrary.com/journal/qj
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Figure 14. Con, Qn and Coh between M1 and M3 at Nysted for the gravity wave case studied in Larse´n et al. (2011). The black curves are running means
of three values taken from the grey curves . The thin smooth lines in (a,d) and (b,e) are respectively from Eqs (18) and (19) in V2012 (as in Figure 13)
corresponding to inflow angle α = 270◦ relative to the masts’ orientation. The smooth curves in (c,f) are from Eq. (5) with α = 270◦. This figure is
available in colour online at wileyonlinelibrary.com/journal/qj
mesoscale phenomena that are often present in coastal areas,
such as open cell conditions and sea breezes (with significant
direction change). Even so, the ranges of wind speed and
direction allowed here are not strict stationarity conditions.
This indicates uncertainty to some degree when dividing the
winds into theu and v components. Using shorter time series
than 24 h will have less problems on this issue, but it will then
provide a very limited frequency range. The uncertainty in
the calculation of the spectrum is also higher for the lower
frequencies. Therefore it cannot be certain that anisotropy
applies for f < 10−4 Hz. In Lindborg (1999), it was shown
that, whereas it cannot be certain that the turbulence is 2D
isotropic for the −5/3 part of the spectrum, it is certain
for the larger-scale part of the spectrum where the slope is
−3. By definition, 2D isotropy means that the turbulence
of the wind is the same regardless of the direction. Without
measurements over the whole space, it is hard to examine.
Nevertheless, mesoscale modelling through the Weather
Research and Forecasting model has provided us with such
a wind distribution. Skamarock (2004) and Larse´n et al.
(2011) reported that the power spectra of the wind speeds
from different transects in the model domain have the same
power spectra. The 2D isotropy character was also observed
by Frehlich and Chelton (1986) with the Seasat scatterometer
in midlatitudes but not for the tropical region.
For the stationary data, u and v also have very similar
two-point spatial coherences, even though the scatter could
be considerable due partly to a limited number of samples.
In V2012, cases with measurements downwind of the wind
farm are included and therefore the number of cases is much
greater than in this study. In spite of the possible wake effect,
the coherence structure found in V2012 is consistent with
that in the current study, suggesting that the limited number
of cases used here are representative.
Apart from the stationary data, the power spectra, co-
and quadrature spectra and coherence have shown quite
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different characteristics for u and v for mesoscale structures
such as cells and gravity waves. For these cases, the simple
descriptions for the stationary data are not suitable and there
are strong signals of anisotropic turbulence. One may argue
that these features belong to a sub-mesoscale range where
it bears 3D characteristics. For the open cell structures at
Horns Rev, Figure 11 shows that the spectra for u and v
are not the same and Figure 13 shows (for the longitudinal
separation fd/U0 > 0.25) that Con and Qn do have more
profound correlation and phase delay of u when the cell size
is comparable to the separation distance between M2 and
M7. The result for wind speed is very similar to that foru. The
distributions of the three parameters are not the same for the
u and v components, suggesting the spatial spectral structure
is not 2D isotropic for cell conditions. For the gravity wave
case from Larse´n et al. (2011), we used 1 s time series from
6 November 2006 to calculate Con, Qn and Coh between M1
and M3 and the results are presented in Figure 14. Since the
wind was blowing through the wind farm, we may expect
some wake effects, but these effects are not immediately
clear in the spectra. As given in Larse´n et al. (2011), the
wavelength of the gravity waves is about 12 km, thus M1
and M3, with a distance of about 8 km, are approximately
3/4 wavelength apart. The spectral characteristics of u and
v are different. The u component, aligning with the wave
propagation direction, fluctuates wavelike with fd/U0; it
sometimes becomes entirely negatively correlated at the two
masts. On the other hand, Con for the v component decays
exponentially with fd/U0 but has a better correlation than
the average curve for the stationary data (the thin smooth
curve). At the same time, the phase shift varies between
−180◦ and 180◦ (Figure 14(b, e)).
6. Conclusion
The following summarizes the main new findings from this
study. They are important for wind energy planning and
power integration for modern wind farms.
• The standard point meteorological measurements
from tall meteorological masts over the sea can be
used for studying the spectral structures of winds in
the mesoscale range. The climatological wind power
spectra from two offshore sites have shown some
universality characteristics in agreement with the
findings in the literature: there is a −5/3 spectral slope
in the mesoscale range which transitions to −3 toward
synoptic and planetary scales. The slope transition is
most dominant for winter months when the baroclinic
instabilities are the strongest in midlatitudes. The
power amplitude is consistent with various theoretical
arguments and spatial measurements.
• In the mesoscale frequency range, for the stationary
data, the along- and cross-wind components, u and
v, are not correlated and their spectral behaviours,
including the power spectrum, the co- and quadrature
spectrum and coherence, are very similar.
• The stability parameter calculated from one point
measurement, the bulk Richardson number, is not
sufficient in representing the specific atmospheric
structures under different stability conditions. These
special mesoscale features bear their own spectral
characteristics. They do bring variations to the group
of spectra but did not significantly change the
climatological spectrum for the two sites of our study.
• The Taylor hypothesis is valid for the largest structures
in the normal daily time series. The smaller structures
are less correlated and become uncorrelated at higher
fd/U0. The integral time-scale of the local weather
is found to be a useful scale for applying scaling of
fd/U0 and the Taylor hypothesis. This integral scale
is also found to be closely related to the spectral slope
transition from −5/3 to −3.
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